Introduction
Genome stability and integrity are crucial for maintaining cellular and organismal homeostasis [1, 2] . To ensure the stability of the genome, cells use specialized DNA damage response (DDR) pathways that manage different types of DNA lesions by promoting DNA damage signalling and repair, activities that counteract the potentially adverse effects of DNA damage [2] . DNA double-strand breaks (DSBs) represent a particularly deleterious type of DNA lesion. An inability to repair DSBs can trigger chromosome loss and cell death, while misrepaired DSBs can lead to mutations and chromosomal aberrations such as translocations. Collectively, defects in DSB repair can result in genome instability. The significance of the DDR is highlighted by the fact that dysfunctional DDR pathways can promote human diseases including cancer, ageing and neurodegenerative disorders [2] . In mammalian cells, DSBs are repaired by two dominant pathways, canonical non-homologous end joining (c-NHEJ) and homologous recombination (HR) [3, 4] . C-NHEJ involves the direct re-ligation of two broken DNA ends together without a DNA template, whereas HR engages a homologous DNA sequence as a template to repair DNA (figure 1). Alternatively, other DSB repair pathways including alternative NHEJ (alt-NHEJ) or single-strand annealing (SSA) may be used to repair DSBs although these pathways are considered more mutagenic [5, 6] . How the repair of a DSB is channelled into one of these specific pathways is a fundamental question. Several factors are known to influence DSB repair choice, including cell cycle phase, DNA end resection, chromatin structure and transcription [3, [7] [8] [9] . Moreover, multiple DSB repair pathways may function collectively to maximize the accuracy and efficiency of DSB repair.
Nuclear DNA in eukaryotes is organized into chromatin [10, 11] , which regulates access to DNA-templated processes, including transcription, replication and repair [12, 13] . Chromatin exists in highly diverse states, which can be dynamically regulated via post-translational modifications (PTM) of histones by histone-modifying enzymes and through the reorganization of nucleosomes by ATP-dependent chromatin remodellers. Histone modifications regulate chromatin structure and function by altering protein -protein and DNA -protein chromatin interactions and by changing the association of proteins containing specialized PTM binding domains within modified chromatin. Dynamic alterations in histone PTMs including phosphorylation, acetylation, methylation, ubiquitylation and ribosylation have been associated with the DDR [13 -18] . We refer you to additional reviews in this special issue that provide a comprehensive view of PTMs and their reader proteins in the DDR [19, 20] . Upon DNA damage, the histone variant H2AX is rapidly phosphorylated on Ser-139 in its C-terminus, forming gH2AX, by the phosphatidylinositol 3-kinase-like kinases ATM, DNA-PK and ATR [21] . This modification spreads for long distances on chromatin surrounding the damage site, which provides a binding signal for the mediator protein MDC1. gH2AX orchestrates downstream damage signalling and recruitment of DNA repair proteins to DSBs [13,22 -24] . In addition to histone PTMs, several complexes from distinct chromatin-remodelling families including SWI/SNF [25 -27] , CHD [27 -31] , ISWI [27, [32] [33] [34] and INO80 [35] [36] [37] [38] [39] [40] localize to DNA damage sites, indicating the involvement of chromatin reorganization in DNA repair. Chromatin-remodelling complexes utilize ATP hydrolysis to regulate nucleosome dynamics, including the rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160286 mobilization and eviction of nucleosomes, which can modulate the local chromatin structure to allow DDR proteins to access the lesion to promote DNA repair activities within chromatin [41, 42] . Acetylation signalling represents a key pathway for the detection, signalling and repair of DSBs. Acetylation is catalysed by histone acetyltransferase (HAT) enzymes through the transfer of an acetyl group ( -COCH 3 ) to lysine residues within proteins including histones (figure 1). Acetyl groups from lysines are removed by histone deacetylase (HDAC) enzymes, allowing the dynamic regulation of this histone mark (figure 1). The evidence for the importance of acetylation in DNA damage signalling and repair of DSBs is supported by the finding that half of all mammalian HAT and HDAC enzymes are recruited to DNA damage [26,43 -45] . Additionally, dynamic changes in acetylation states of histones [17, 43, 46, 47] and non-histone proteins [47, 48] are observed following DNA damage. Histone acetylation can profoundly alter chromatin structure [49] but also impacts the chromatin association of proteins that bind acetylated lysines. Several domains bind this PTM, including the YEATS and bromodomain (BRD). BRDs are found in 42 proteins in mammalian cells [50] and these proteins are often components of various chromatin-associated complexes, including ATP-dependent chromatin remodellers, HAT-containing complexes and transcriptional regulators. Numerous studies have established BRD proteins as key transcriptional and DDR factors, with around one-third being reported to respond to DNA damage [27, 44] . Several BRD proteins play crucial roles in cellular responses to DNA damage, including DNA damage signalling, transcriptional regulation and DSB repair [26,27,32,33,51 -53] (table 1) . The significance of acetylation pathways in cancer and its therapy is underscored by the fact that acetylation modifiers and readers are frequently mutated or aberrantly expressed in cancer [44,66 -68] . Chromatin remodellers in general are associated with DNA repair and transcription in cancer and ageing, topics that are specifically reviewed by Yasui and co-workers in this issue [69] . Moreover, numerous studies have determined that these pathways represent attractive targets for small molecule inhibitors either as single agents or to sensitize cancer cells to chemo-or radiotherapy as a combination therapy [44, 70] . For example, HDAC inhibitors (HDACi) represent one of only a few epigenetic drugs that are FDA approved as a treatment for certain cancers. Preclinical studies have demonstrated the utility of these inhibitors in combination with DNA damaging agents, owing to the finding that HDACi alter DNA repair [43, 44, 71] . In addition, small molecule inhibitors targeting BRD proteins, including BRD4 and CBP/p300, have been developed and have shown promise as therapeutic agents [72 -74] . Understanding how acetylation signalling and BRD proteins mediate the DDR has the potential to inform the use of drugs that modulate these pathways as pharmacological agents in cancer and other diseases.
In this review, we focus on our current understanding of how BRD proteins participate in DSB repair in human cells. We hope to provide a mechanistic framework for how BRD proteins promote chromatin-based DDR processes involved in DSB repair, which could point towards further studies to define how chromatin and the DDR detect, signal and repair DSBs. Obtaining a more thorough molecular understanding of acetylation signalling and the DDR within the context of chromatin will help to illuminate how DNAtemplated processes occur while maintaining both genome and epigenome integrity. Although NHEJ is considered to be potentially error-prone compared with HR, c-NHEJ has been shown to be the major DSB repair pathway in mammalian cells, including in S and G2 phases of the cell cycle [75, 76] . As mentioned earlier, DNA end resection is one of the crucial factors that determines repair pathway choice between NHEJ and HR. 53BP1 restricts end resection and HR, while BRCA1 promotes DNA end resection and HR [3, 77] . For example, HR is restored in BRCA1-deficient cells upon 53BP1 loss, indicating that 53BP1 blocks end resection [77, 78] . Molecularly, 53BP1 acts as a multivalent histone PTM reader, recognizing several histone modifications including H4K20me2 and damageinduced RNF168-mediated H2AK15-Ub at DSBs [79] [80] [81] [82] . MBTD1, a subunit of the NuA4 acetyltransferase complex, can impact 53BP1 dynamics by competing for H4K20me2 near DNA breaks [38] . In addition, TIP60 (KAT5) acetylates H4K16, as well as H2AK15, in response to DNA damage. H4K16 acetylation impairs the ability of 53BP1 to bind neighbouring H4K20me2 whereas the latter further inhibits H2AK15-Ub by RNF168 [38, 46] . In the c-NHEJ pathway, the first step involves the recognition of DSBs by Ku (Ku70/80 heterodimer) at broken DNA ends, which inhibits 5 0 -3 0 end resection [4, 83] . Once Ku binds DNA ends, the DNA-dependent protein kinase catalytic subunit (DNAPKcs) is recruited, resulting in an active DNA-PK complex. This complex tethers the broken DNA ends together and serves as a scaffold for the assembly of other NHEJ factors. Finally, the two DNA ends are ligated by the DNA ligase 4-XRCC4 complex to complete repair (figure 1).
Several BRD proteins have been reported to influence c-NHEJ (table 1) . The BRD protein ACF1 (BAZ1A) is an accessory subunit of the ACF and CHRAC ISWI chromatinremodelling complexes. ACF1 accumulates at DSBs where it directly interacts with Ku and the ATPase SNF2H (SMARCA5) to facilitate their damage localization and NHEJ [32] . Depletion of ACF1 reduces NHEJ and significantly impairs Ku binding to DSBs. These observations indicate that ACF1-mediated chromatin remodelling may facilitate the recognition, and therefore repair of chromatinized DSBs by Ku [32] . Interaction between SNF2H and ACF1 increases nucleosome-remodelling efficiency [84, 85] , suggesting that ACF1 may interact with SNF2H at damage sites to enhance chromatin remodelling to facilitate DNA damage recognition and localization of NHEJ factors including Ku (figure 2). Although the BRD of ACF1 exhibits a binding preference towards histones H3 and H4 [84] , the BRD is dispensable for damage recognition and interactions with ISWI [32] . It is conceivable that once ACF1 gains access to damaged chromatin, it then utilizes the BRD to bind acetylated substrates (i.e. histones) to facilitate repair. Alternatively, the BRD could participate in post-repair activities including the remodelling of chromatin from its damaged to repaired state or resumption of other DNA-templated processes within these chromatin regions, including transcription and replication.
Human SWI/SNF chromatin-remodelling complexes include BAF and PBAF. The BAF complex contains two BRD proteins: the ATPase BRG1 (SMARCA4) or BRM (SMARCA2) and BRD9. The PBAF complex includes the BRD proteins BRG1, BAF180 (PBRM1) and BRD7. Both BRG1 and BRM are recruited to DNA damage sites [25 -27,52] . BRG1 has been shown to promote the initial gH2AX formation surrounding DSBs, which requires its BRD domain to recognize GCN5-mediated H3 acetylations [52, 86] . These events may influence downstream DSB repair and signalling. BRM promotes efficient c-NHEJ by facilitating the recruitment of Ku [26] . It has been speculated that BRM acts similarly to ACF1 as it can assist Ku binding by clearing chromatin obstacles at DSB ends. Multiple factors regulate the accumulation of BRM at DSB sites, which is required for the HATs p300 and CBP to acetylate H3/H4 [26] . These processes also depend on the core subunit SNF5 and the accessory subunit ARID1A or ARID1B of BAF [87] , which facilitate Ku recruitment (figure 2). It is conceivable that the acetylated chromatin at DSBs modified by p300 and CBP facilitate BRM recruitment via its BRD. Furthermore, because the core subunits such as SNF5 (SMARCB1) and BAF170 rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160286 stimulate the ATPase activity of BRM and BRG1 in BAF complexes [88] , it is possible that other subunits of the BAF complex aid in recognizing damaged chromatin and increasing the remodelling activity for repair. The function of BRM BRD for c-NHEJ remains to be determined. The BRDs of BAF180 in the PBAF chromatin-remodelling complex are involved in transcriptional repression at DNA breaks and facilitate DNA repair by c-NHEJ [25] (figure 2). BAF180 contains six BRDs and cancer-associated BAF180 BRD mutants displayed defective DNA repair and failed to arrest transcription. BAF180 may utilize its BRDs to confine the PBAF complex to DNA breaks, thereby modulating chromatin states required for c-NHEJ. In addition to BAF180, the PBAF complex also contains two BRD proteins, BRG1 and BRD7. Identification of the targets of these BRDs could help reveal how these BRD proteins work together to respond to genotoxic stress. Whether BAF180-mediated transcription inhibition directly or indirectly affects NHEJ awaits further investigation.
Two BRD-containing HATs, p300 and CBP, are required for c-NHEJ [26] (table 1) . These HATs are enriched at DSBs where they presumably participate in the DDR via acetylating histones and/or non-histone substrates. As mentioned above, these HATs can facilitate the localization of SWI/SNF complex via BRM and Ku to DSBs (figure 2). These results reveal that HATs and chromatin-remodelling complexes work in concert at DSBs to enable NHEJ factors to access damaged DNA. Chromatin-binding modules of p300 such as the BRD are important for substrate binding and target specificity. BRD binding could provide a positive feedback loop to facilitate proper HAT substrate targeting [89] . Although the function of the BRD within these HATs in c-NHEJ remains unclear, it will be interesting to determine how p300 and CBP recognize both damaged chromatin and their targets to promote c-NHEJ.
BRD4, a member of the bromodomain and extra-terminal domain (BET) family, acts as a critical regulator of transcription while also participating in DNA damage signalling and repair [51, 61, 90, 91] . In response to DNA damage, BRD4 modulates chromatin structure by binding acetylated chromatin, thereby affecting gH2AX signalling and cell survival [51] . BRD4 also functions in repair of physiological DSBs, including class switch recombination (CSR) [61] . BRD4 is enriched in I-SceI and activation-induced cytidine deaminase (AID) induced DNA breaks. BRD4 acts as an adaptor protein to efficiently recruit key repair factors such as 53BP1 and uracil DNA glycosylase to promote CSR, which requires NHEJ (figure 2). Importantly, the BRD of BRD4 is required for recognition of the acetylated chromatin containing gH2AX, highlighting the importance of the BRD in DNA repair [51] . As BRD4 not only interacts with repair proteins but also forms the transcriptional complex with the positive transcription elongation factor (p-TEFb) [90, 91] , it will be interesting to understand how BRD4 orchestrates the binding of DNA repair and transcriptional regulators to promote CSR.
The transcriptional regulator KAP1 (TRIM28) contains a BRD and is an ATM kinase substrate involved in heterochromatin repair [92] [93] [94] . The BRD of KAP1 does not exhibit acetylated lysine binding [95] , consistent with its functioning in heterochromatin, a chromatin state associated with low histone acetylation levels compared with euchromatin. KAP1 has also been shown to be the substrate of the deacetylase SIRT1 upon DNA damage, including an acetylation site within the BRD 
The HAT that acetylates KAP1 and the precise function of its acetylation have yet to be elucidated. As many of these studies involving BRD proteins in NHEJ are independent from acetylation of core NHEJ factors, it is tempting to speculate that much of this regulation occurs at the level of chromatin.
Bromodomain proteins in homologous recombination repair
HR is a predominantly error-free DSB repair pathway that is restricted to the S/G2 phases of the cell cycle, a phase when a homologous template is readily available [3, 8] . Repairing DSBs by HR requires multiple steps that have been comprehensively reviewed elsewhere [9, 96] ( figure 1) . Briefly, HR is initiated by the MRE11-RAD50-NBS1 (MRN) complex, which detects the break and starts DNA end resection through the nuclease activity of MRE11 [97] . Following recruitment of multiple nucleases, including CtIP and EXO1, DNA resection generates 3 0 single-stranded (ss) DNA overhangs [98, 99] . The ensuing ssDNA overhangs are bound by the single-strand binding protein RPA, which is subsequently replaced by RAD51. RAD51-bound nucleoprotein filaments search and invade homologous sequences, leading to strand exchange and DNA synthesis to copy the sequence from an undamaged template. Finally, resolution of HR-mediated structures and ligation of the DNA strands complete the repair event [96] . Accumulating evidence suggests that mammalian chromatin-remodelling complexes as well as BRD proteins are involved in various stages of HR.
(a) Histone acetyltransferase in homologous recombination
Four mammalian BRD-containing HATs (p300, CBP, GCN5 and PCAF) are recruited to DNA damage sites and regulate DSB repair [44] (table 1) . Unlike BRD proteins in NHEJ [26, 45] , how these four HATs are involved in HR is unclear, although perturbation of acetylation signalling has been found to impact HR [45] . Currently, it is unknown if these HATs facilitate HR exclusively through their catalytic activities or also through their acetylation-binding abilities afforded by their BRDs. As HATs are well-established transcriptional activators [100] , it is not surprising that defects in these enzymes can affect the transcription of DNA repair genes. For example, knockdown of p300 and CBP results in reduced mRNA and protein levels of key HR factors including BRCA1 and RAD51, with a concomitant reduction of HR repair [59] . p300 and CBP can form a complex with RBBP4, a factor known to directly bind and regulate the promoter of the RAD51 gene [60] . Mammalian GCN5 regulates the DDR and different types of repair, including nucleotide excision repair, through triggering acetylation on H3 [17, 86, 101] . In response to DSBs in mammalian cells, GCN5 promotes H3 acetylations for DSB repair [17, 86] . Furthermore, ionizingradiation (IR)-induced gH2AX was shown to stimulate GCN5-mediated acetylation on several H3 residues in gH2AX-containing nucleosomes. These H3 acetylation signals have been proposed to provide damage-induced docking sites rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160286
for the BRD factor BRG1, the key ATPase of the SWI/SNF chromatin-remodelling complex [86] (figure 3). Consistent with these interactions being functional, siRNA-depletion of GCN5, as well as mutating the BRD of BRG1, results in radiosensitivity and defective DSB repair [86] . Although it is clear that BRD-containing HATs, including GCN5, are important for DSB repair, future investigations are necessary to delineate their DNA repair and transcriptional activities to fully understand their involvement in repairing DSBs.
(b) Chromatin-remodelling complexes in homologous recombination
In addition to BRD-containing HATs, another group of BRD proteins involved in HR repair are ATP-dependent chromatin-remodelling complexes. All four major mammalian chromatin-remodeller families (SWI/SNF, CHD, ISWI and INO80) can promote HR repair [44] . In this review, we focus on the DDR functions of BRD proteins in these complexes. We refer readers to an additional review in this issue that comprehensively covers SMARCA-and CHD-type chromatin remodellers in the DDR [102] .
(i) SWI/SNF
The core ATPase subunit of the SWI/SNF complex, BRG1, is broadly involved in DSB repair [86] . Based on the I-SceImediated DSB repair reporter assays DR-GFP (HR) or EJ5 (NHEJ), cells depleted of BRG1 show strong defects in HR although a reduction in NHEJ was also observed [55, 56] . Qi et al. reported that loss of BRG1 caused retention of RPAbound single-stranded DNA (ssDNA) and therefore less RAD51 binding to damaged sites. In addition, an interaction between BRG1 and the HR factor RAD52 was identified and shown to be involved in the assembly on RAD51 onto ssDNA, suggesting a role for BRG1 late in HR after DNA end resection [55] . BRG1 may function in an early step of HR too [56] , because BRG1-depletion resulted in decreased chromatin-bound RPA, a phenotype consistent with impaired end resection. This study also identified the tumour suppressor retinoblastoma (RB) as a mediator for the damage recruitment of BRG1 to laser damage [56] .
Taken together, these studies highlight the importance of BRG1 in HR repair. However, it is unclear whether the DDR functions of BRG1 rely on the SWI/SNF complex, as other factors within this complex are poorly characterized in the DDR. Considering the BRD domain of BRG1 is required for its damage recruitment [86] , it will be important to determine whether BRD-dependent acetylation recognition promotes HR. This is especially germane given that the ability to detect visible accumulation of proteins in foci by microscopy is not always a reliable readout of function. The SWI/SNF PBAF contains multiple BRD proteins [44] , including BAF180, BRD7 and BRG1. While BAF180 promotes NHEJ together with BRG1 [25] , whether any of these PBAF specific BRD proteins influence the HR function of BRG1 is unknown. SMARCAD1 is an SWI/SNF-like remodeller protein, which is classified outside this family of remodellers [103] . As shown for the yeast homologue Fun30, mammalian SMARCAD1 promotes end resection and HR repair, because SMARCAD1 loss reduces ssDNA formation and RPA binding at laser and IR-induced damage [104, 105] (figure 3 ). In addition, mass spectrometry analysis identified a SMAR-CAD1 complex containing the BRD protein KAP1 that is involved in replication [106] . KAP1 is phosphorylated at DSBs by ATM at Ser824 to promote its function in DSB repair in heterochromatin [92, 107] . KAP1 Ser473p regulates BRCA1 foci formation in response to the DSB-inducing agent etoposide, suggesting KAP1 may function in HR repair [63] . Conversely, KAP1 has also been proposed to repress recombination at transcriptional sites that it regulates, including ZNF genes, which may be linked to its involvement in chromosome compaction [53] .
(ii) CHD
The CHD family of ATP-dependent chromatin remodellers are widely involved in the DDR [28, 31] . The bestcharacterized complex in the mammalian CHD family is the nucleosome-remodelling and deacetylase (NuRD) complex, which regulates transcription, chromatin assembly and DNA repair [31, 108] . The NuRD complex contains two histone deacetylases, HDAC1 and HDAC2, which have been linked to chromatin compaction and transcription repression [109] . NuRD also interacts with the BRD protein rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160286 ZMYND8 (RACK7) to perform various cellular functions [27, 58, 110, 111] . Numerous studies have reported the recruitment of NuRD, including its core ATPase CHD4 (Mi2b) and accessory factor ZMYND8, to DNA damage sites and involvement in HR [27,29,30,58,111 -114] . Both ZMYND8 and CHD4 exhibit rapid but transient accumulations at damage sites, an involvement in very early steps of HR. ZMYND8, along with NuRD, was shown to be recruited to actively transcribed chromatin through the BRD of ZMYND8, which recognizes TIP60-mediated acetylations. ZMYND8-NuRD suppresses transcription to facilitate HR repair [27] (figure 3). These data are consistent with the reports that DSBs occurring in actively transcribing chromatin are specifically repaired by HR [7, 115] . The C-terminal MYND domain of ZMYND8 interacts directly with the PPPLf of p66a (GATAD2A) within NuRD [58] . The PPPLf motif is found in p66a but not p66b (GATAD2B), which both constitute mutually exclusive NuRD sub-complexes, suggesting that ZMYND8 only regulates the damage recruitment of p66a-containing NuRD. Interestingly, a variant of ZMYND8 was shown to be recruited to damage sites independently from the BRD. This suggests that different ZMYND8 isoforms may utilize different damage recruitment mechanisms [58] . Another study provided more structural information about the chromatin recognition of ZMYND8 by its N-terminal PHD/BRD/PWWP domains [111] . Based on structural and peptide binding assays, this domain module could function as a stable unit to recognize multiple histone PTMs, including H3K14ac [111, 116] . Furthermore, in addition to these chromatin-binding modules promoting damage recruitment, an additional DNA-binding region within the PHD/BRD/PWWP domain of ZMYND8 was also identified and shown to participate in damage localization [111] .
ZMYND8-NuRD represents an important complex involved in HR repair as ZMYND8-NuRD deficiency results in defective RAD51 loading and low HR repair efficiency by DR-GFP report assay, although the exact step of HR that is affected by ZMYND8-NuRD loss is still unclear [27, 58] . CHD4 also regulates RNF168-mediated ubiquitylation and downstream BRCA1 assembly upon damage [29] . CHD4 physically interacts with the HR factor BRIT1 and the HAT p300 to promote loading of downstream HR factors, including BRCA1, RPA and RAD51 [57, 117] . The NuRD complex is also recruited to telomeres by ZNF827 to promote HR at ALT telomeres [113] . Taken together, these data suggest that the NuRD complex may regulate HR repair at several stages including by preparing the chromatin for DSB repair by repressing transcription and also by facilitating the recruitment of HR factors. Furthermore, both ZMYND8 and NuRD require the activity of the histone lysine demethylase KDM5A, as well as PARP signalling, for their damage recruitment [30, 58, 114, 118] . How PARP promotes the recruitment of KDM5A-ZMYND8-NuRD is unclear. PARP inhibitors (PARPi) have been shown to efficiently kill HRdeficient cancer, although this appears to be due to several mechanisms, including trapping of the PARP protein at breaks sites [119 -121] . Consistent with ZMYND8 and NuRD functioning in HR, cells depleted of ZMYND8 or other NuRD components are sensitive to PARPi [58, 117] . It will be interesting to test whether PARPi can be used to treat cancers harbouring ZMYND8 or NuRD mutations, which are commonly found in various cancer types [108, 122] .
(iii) ISWI
Mammalian ISWI chromatin-remodelling complexes contain BRD proteins and participate in the DDR [42, 44, 123] . As the ATPase among five different mammalian ISWI complexes (WICH, NORC, RSF, ACF and CHRAC; table 1) [123] , SNF2H was found to promote NHEJ and HR [32,123 -125] . SNF2H functions as a downstream factor of RNF20-mediated H2B ubiquitylation and depletion of SNF2H results in defective RPA, BRCA1 and RAD51 foci formation in response to IR [125] . Supporting a role in HR, SNF2H is recruited to DNA damage together with RNF168 in a PARP-dependent manner to promote gH2AX ubiquitylation and BRCA1 accumulation [124] . As a subunit of the ISWI ACF and CHRAC complexes, the BRD protein ACF1 is also recruited to DNA damage sites and promotes both NHEJ and HR repair [32] . Although depletion of ACF1 reduces HR in the DR-GFP HR assay, how ACF1 promotes HR is still unclear [32] . It will be interesting to determine the interactors of ACF1 and its BRD domain to elucidate their HR functions, including through SNF2H and/or a particular ISWI complex. The ACF1 paralogue WSTF (BAZ1B) is another BRD protein specifically existing in the WICH complex, which is recruited to DSB sites and implicated in the DDR [33, 44, 54] . The Nterminus of WSTF harbours tyrosine kinase activity, which targets Tyr142 on H2AX to regulate gH2AX. Depletion of WSTF causes impaired foci formation of MDC1 and ATM Ser1981 phosphorylation [33] . The mechanistic functions of individual WTSFs or the WICH complex in the DSB signalling and repair, including the involvement of the BRD, are unclear. SNF2L (SMARCA1) is the major ATPase for the ISWI NURF and CERF complexes. The NURF complex contains the BRD protein BPTF, while CERF contains the BRD protein CECR2. Both SNF2L and BPTF are recruited to DNA damage sites [27, 126] . Although there is no direct evidence for CECR2 accumulation at DNA damage, CECR2 deficiency results in radiosensitivity and DSB repair defects [127] . Numerous studies have showed that almost all ISWI complexes localize to DNA damage, although whether they act alone or in concert at all or unique DSBs is unclear [44, 123] . All of the recruited ISWI complexes contain BRD proteins, suggesting that acetylation signalling is involved in the DDR functions of ISWI complexes.
(iv) INO80
INO80 chromatin-remodelling complexes are important for repairing DSBs [35] [36] [37] . In mammalian cells, INO80 contains three sub-complexes INO80, SRCAP and NuA4 (i.e. TRRAP-TIP60). NuA4 contains both chromatin remodelling and HAT subunits that localize to DNA damage and regulate HR [27, 35, [37] [38] [39] [40] 46] . p400, the remodelling ATPase of NuA4, is recruited to DSBs to decompact chromatin around the damage regions and to regulate RNF8-mediated chromatin ubiquitylation, which facilitates loading of BRCA1 and RAD51 for HR [40, 128] . Another catalytic component of NuA4, the HAT TIP60, targets histone H4 and H2A, as well as ATM, in response to DSBs [129] . TRRAP, a key factor in this complex, also participates in DSB repair. Trrap-deficient mouse embryonic fibroblasts have impaired H4 hyperacetylation upon I-SceI break induction and reduced BRCA1 and RAD51 ionizing radiation-induced foci, resulting in defective HR [39] . In addition to promoting ZMYND8-NuRD damage recruitment as discussed above [27] , acetylation on H4 by TIP60 also limits the loading of 53BP1 onto DSBs, which rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160286 facilitates HR [46] . Recently, another mechanism for TIP60-mediated HR was identified [38] . In this study, TIP60 acetylates H2AK15 upon DNA damage to prevent RNF168-mediated ubiquitylation on the same residue, which antagonizes the formation of the Ub docking site for 53BP1 binding and recruitment [38, 80] (figure 3). Apart from its TIP60 HAT activities, the NuA4 also contains the BRD protein BRD8 and GAS41, a YEATS protein that can bind acetylated lysines [44, 130, 131] . Although specific cellular functions and the acetylation-binding ability of the BRD in BRD8 is unknown, it is possible that BRD8 or GAS41 may play certain uncharacterized roles in recruiting the NuA4 complex to specific chromatin regions through acetylation recognition to promote DNA repair.
Other types of double-strand break repair
In addition to NHEJ and HR, several additional DSB repair pathways have been identified [5, 6] . For example, DSB ends can be channelled into alternative repair pathways, including alternative end joining (alt-NHEJ) and single-strand annealing (SSA). The major form of alt-NHEJ is also known as microhomology-mediated end joining (MMEJ) [132] . In mammalian cells, MMEJ is initiated by similar end resection mechanisms to HR by MRN-CtIP to generate short 5 0 -3 0 resected ends containing microhomology. In comparison with HR, MMEJ has a strong requirement for PARP1 signalling to help recruit MMEJ factors, which compete with HR factors to inhibit long-range resection and RPA coating on the ssDNA overhangs. After resection, the mammalian error-prone translesion synthesis polymerase Polu (POLQ) is recruited to the break for fill-in synthesis followed by ligation by Ligase 3 [133, 134] . SSA is similar to MMEJ, but usually requires a longer resected DNA end (greater than 30 nt) and is mediated by RAD52 and ERCC1, but not PARP1 and Polu. How chromatin and chromatin regulators are involved in these pathways is still poorly understood. A recent study has reported that the NuA4 ATPase p400 promotes HR through inhibiting alt-NHEJ in normal cells, and cells with depleted p400 show increased alt-NHEJ and genome instability [135] . This study further emphasizes the importance of chromatin remodelling in regulating DSB repair pathway choice, in addition to the well-known roles of chromatin in regulating canonical NHEJ and HR repair choice [3] . The important contribution of chromatin-based mechanisms including chromatin remodelling, acetylation signalling and BRD proteins in promoting NHEJ and HR may also regulate these additional DSB repair pathways.
Conclusion
The network of acetylation signalling involving the 'writers', 'erasers' and 'readers' has emerged as a critical pathway that orchestrates DNA damage signalling and repair. The accumulating evidence reviewed here highlights the importance of this pathway, including BRD proteins, for signalling and repairing DSBs. Although many participants have been identified, additional work is necessary to further elucidate the mechanisms by which acetylation signalling link epigenetic mechanisms to the DDR and DSB repair. Large-scale proteomic studies have identified numerous acetylated proteins including in response to DNA damage [48, 136] . These include both histone and non-histone proteins, which point to potential pathways that act in addition to those described here that function within the chromatin environment. It has also been challenging to delineate clear mechanistic insights into how chromatin remodellers promote DSB repair. For example, a major question that remains is: Why are so many different chromatin-remodelling complexes involved in DSB repair? This question is simpler for transcriptional regulation given the multitude of different gene regulatory networks that must be tightly controlled by these factors. Could it also be that DSBs come in different varieties due to either the chromatin environment or type of lesion that necessitate different chromatin-remodelling complexes. It might also be that there are levels of redundancy within these pathways that are not yet fully identified for DSB repair. Given the role of chromatin remodellers in gene regulation, it cannot be ignored that perturbation of these pathways may also alter transcription and therefore impact DSB repair either directly or indirectly. Additional studies are warranted to address these important but still unanswered questions.
Obtaining a clearer molecular view of acetylation signalling in the DDR will require a better understanding of the composition of these complexes and how interactions mediate their functionality within the DDR. Many chromatinmodifying and chromatin-remodelling complexes contain multiple reader domains in addition to the BRD, including both PTM and DNA binding activities. It can be envisioned that structural studies, including cryo-electron microscopy, proteomics and biochemical analyses, will help us make new discoveries for the interplay between chromatin proteins and DNA repair [82] . As exemplified by our understanding of DNA repair reactions using purified proteins and substrates, similar advancements may require the inclusion of chromatin and synthesized 'designer chromatin', which contains site-specific, chemically installed PTMs within chromatin templates, into these reactions [137] . The identification of the players involved in these pathways will provide the framework on which to build these systems to interrogate chromatin-based DSB repair mechanisms, complementing other genetic and cellular studies.
Targeting DNA repair pathways and epigenetic regulators is a burgeoning field for drug development. Thus, elucidating the molecular basis of DSB repair pathways involving acetylation signalling including BRD proteins could uncover new and selective therapeutic targets. Given the numerous cancer genome studies identifying mutations within DNA repair and chromatin regulators, and the use of DNA damaging agents as frontline therapies for many cancers, understanding the interplay between these pathways is vital for informing the use of these agents within the appropriate cancer-relevant setting. Given the success of using PARPi to treat BRCA1 and BRCA2 HR-deficient cancers, there may be additional opportunities to treat cancers deficient for acetylation signalling regulators involved in DSB repair including HR.
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